The antibiotic sulfamethazine can be transported from manured fields to surface water bodies. We investigated the degradation, fate, and bioavailability of sulfamethazine in surface water using 14C-U-phenylsulfamethazine in small pond water microcosms. Sulfamethazine dissipated exponentially from the water column, with the majority of loss occurring via movement into the sediment phase. Manure input significantly increased sorption and binding of sulfamethazine residues to the sediment. These results indicate sediment is a potential sink for sulfamethazine and sulfamethazine-related residues, which could have important implications for benthic organisms. Understanding the bioavailability of pharmaceuticals in environmental matrices is particularly important considering they are often in a bioactive form. The bioavailability of sulfamethazine in surface water microcosms was evaluated using Lumbriculus variegatus in a bioassay. Bioconcentration factors (BCFs) were calculated, and a log BCF >2 was observed during aquatic exposure (0.05 mg/l). Interestingly, a significant inverse relationship between exposure concentration and BCF was also noted. Our results indicate the need for further assessment of the bioaccumulation potential of SMZ residues as a result of sediment exposure of benthic invertebrates. The antibiotic sulfamethazine can be transported from manured fields to surface water bodies. We investigated the degradation, fate, and bioavailability of sulfamethazine in surface water using 14 C-U-phenyl-sulfamethazine in small pond water microcosms. Sulfamethazine dissipated exponentially from the water column, with the majority of loss occurring via movement into the sediment phase. Manure input significantly increased sorption and binding of sulfamethazine residues to the sediment. These results indicate sediment is a potential sink for sulfamethazine and sulfamethazine-related residues, which could have important implications for benthic organisms.
C-U-phenyl-sulfamethazine in small pond water microcosms. Sulfamethazine dissipated exponentially from the water column, with the majority of loss occurring via movement into the sediment phase. Manure input significantly increased sorption and binding of sulfamethazine residues to the sediment. These results indicate sediment is a potential sink for sulfamethazine and sulfamethazine-related residues, which could have important implications for benthic organisms.
Understanding the bioavailability of pharmaceuticals in environmental matrices is particularly important considering they are often in a bioactive form. The bioavailability of sulfamethazine in surface water microcosms was evaluated using Lumbriculus variegatus in a bioassay. Bioconcentration factors (BCFs) were calculated, and a log BCF >2 was observed during aquatic exposure (0.05 mg/l). Interestingly, a significant inverse relationship between exposure concentration and BCF was also noted. Our results indicate the need for further assessment of the bioaccumulation potential of SMZ residues as a result of sediment exposure of benthic invertebrates.
Introduction
Recent monitoring studies have confirmed the presence of veterinary antibiotics, including sulfamethazine (SMZ), in surface water and sediment throughout the U.S. and abroad (1) (2) (3) (4) . Antibiotics could potentially alter bacterial populations in sediment and water, thus affecting nutrient cycling, water quality, and food webs via direct or indirect effects on non-target organisms. In particular, small ponds and wetlands that support invertebrate communities can receive significant amounts of contaminated agricultural runoff, which could contain antibiotic residues (5, 6) . It is believed that these drugs may have an affinity for clay particles in soil or sediment, which could affect their availability for degradation; this is also likely important for bioavailability and uptake for higher organisms (7) . An understanding of the fate and bioavailability of antibiotics in ponds is important because of widespread use of the compounds in livestock production in the U.S., and concurrent application of manure to agricultural lands dotted with small ponds and wetlands.
The sulfonamides are a class of antibiotics frequently detected in the aforementioned monitoring studies. These drugs have been used extensively in human and veterinary medicine applications for decades. The sulfonamide mode of action is prevention of folic acid synthesis in bacteria by acting as a structural analog of p-aminobenzoic acid, and they are mostly active against gram-positive, but also some gram-negative bacteria; in the present study, sulfamethazine was chosen as a representative sulfonamide because of its frequent detection in aquatic systems (1) (2) (3) (4) 8) . Sulfamethazine ( Figure 1 ) is used in cattle and swine production as a therapeutic and as a growth promoter. Concentrations can exceed 5 mg/kg in swine manure (9) . Previous soil fate studies have indicated that SMZ is not strongly sorbed to soils and is likely to be highly mobile in the aqueous portion of runoff, thus being likely to reach surface water bodies, e.g. small ponds (5, (10) (11) (12) . Though its fate has been extensively examined in soil, SMZ fate in surface water, and sediment in particular, has not been extensively studied.
Published reports have confirmed that very low levels (e.g. <5 µg/l) of antibiotic residues are detected in water and sediment monitoring studies (1, 3, 4) but the significance of those residues will depend, to a great extent, on their biological availability. Although acute effects in traditional test organisms are unlikely at these concentrations (3, 4, 13, 14) , the potential biological significance of antibiotics lies in the possibility that they could induce resistance in bacterial populations, maintain resistant populations, allow for easier transfer of resistance, or alter beneficial bacterial populations, such as gut symbionts or those bacteria responsible for nutrient cycles or biodegradation of contaminants.
Bioavailability is defined as the fraction of a compound that is immediately available to an organism, as indicated by the compound's tendency to be transferred from the habitat (e.g., sediment or water) and subsequently cross the organism's cellular membrane. Bioavailability has traditionally been studied using bioassays by examining the amount of a chemical taken up into an organism's tissues following exposure to a known concentration. Simplistically, a bioconcentration factor (BCF) or bioaccumulation factor (BAF) is calculated by determining the ratio between the concentration of a compound detected in an organism and the concentration in the matrix. Bioavailability studies serve as a crucial link to understanding the likelihood of environmental residues impacting a species in a negative way.
The objective of the studies presented here was to assess the environmental fate of sulfamethazine in aquatic microcosms, and subsequent uptake and bioaccumulation of SMZ residues by L. variegatus, a common freshwater sediment-dwelling oligochaete worm. The methods and results from those studies on the fate and bioavailability of SMZ are presented in this chapter.
Materials and Methods

Environmental fate study
Pond water (surface 20 cm) and sediment were collected from the Iowa State University Horticulture Research Station pond (Ames, IA). Prior to use, sediment was thoroughly mixed, and moisture content was determined to be 46.2%. The sediment was a sandy loam (60% sand, 28% silt, 12% clay) with 2.0% organic matter, and a pH of 8.1. The pH of the pond water was 8.1, the total hardness was 150 mg/ml, and the alkalinity was 103 mg/ml.
Fifty grams (dry wt) of sediment was measured into wide-mouth pint jars, and topped with 177 ml pond water, to equal 200 ml water per replicate. There were four replicates at each timepoint per treatment group. Treatment groups were fresh pond water with sediment (PWS), fresh pond water with sediment plus manure (PWS+M), autoclaved pond water with sediment (Auto PWS), and pond water only (PW).
Stock solutions of labeled and non-labeled sulfamethazine were prepared to make a final treatment solution to be added to each microcosm. The final concentration of SMZ in pond water was 5 mg/l, and 0.2 µCi 14 C-U-labeled phenyl ring-SMZ/jar.
For the manure treatment (PWS+M), a manure slurry was added to obtain 0.1% manure in pond water, which was enough manure to make the pond water slightly murky in appearance. The slurry consisted of a 33% w/v solution of fresh manure from adult hogs on an antibiotic-free diet (Iowa State University Swine Nutrition Facility; 33 g wet wt (22% dry mass) in 100 ml distilled water). Microcosms were maintained in environmental chambers at 22ºC in a 12:12 photoperiod for the 63-day period; pH was monitored weekly in the surface water of the microcosms, and did not significantly change during the test period.
To track mineralization of 14 C-SMZ added to the microcosms, NaOH traps for CO 2 were included in the systems. Traps consisted of 10 ml 0.5M NaOH, and were collected at days 3, 7, 14, 21, 28, 35, 42, 49, and 56 and counted for radioactivity using a Packard Tri-Carb 1900 (PerkinElmer, Waltham, MA).
At each timepoint (7, 14, 28, or 63 d), the appropriate replicates were sacrificed. Pond water was siphoned from the top of the sediment, and a 2-ml aliquot was mixed with 12 ml Ultima Gold™ XR cocktail (PerkinElmer, Waltham, MA) and counted for radioactivity. Water was filtered through glass fiber filters and extracted using HLB solid phase extraction cartridges (6 cc, Oasis HLB ® , Waters Corporation, Milford, MA); cartridges were conditioned with methanol, 0.5N HCl, and ultrapure water prior to sample loading. After water samples were passed through, cartridges were washed with ultrapure water, and finally eluted with methanol. Eluates were brought to a final volume of 5.0 ml using ultrapure water, and stored in a freezer until analysis.
For sediment extraction, sediment was transferred to Teflon centrifuge bottles using a 70% methanol solution. The bottles were then shaken 80 min and allowed to settle overnight at room temperature. Bottles were centrifuged and decanted, and a second extraction was performed. Extracts were then concentrated by evaporation under nitrogen flow (15 psi, 40°C), and enriched using the SPE method previously described.
Extracted sediments were dried in a fume hood overnight, were processed to remove rocks and debris, and ground using mortar and pestle to ensure thorough mixing. To determine the amount or radioactivity remaining bound in the sediment following extraction, aliquots were combusted using an OX-600 biological oxidizer (RJ Harvey Instrument Co., Hillsdale, NJ), and radioactivity was determined by LSC as previously described.
A reverse-phase high-performance liquid chromatography (HPLC) method was used to quantify parent sulfamethazine and to identify related metabolites. Analysis of the samples was performed using a Hewlett-Packard (Palo Alto, CA, USA) series 1100 HPLC system with a quaternary pump, an autosampler, a thermostatted column compartment, and UV and β-RAM detectors. A Waters Atlantis TM (Milford, MA, USA) dC18 column (4.6 × 250 mm, 5-μm particle size) was used with a flow rate of 1.0 ml/min at 30º C, and 200µl injection volume. The mobile phase consisted of 30% methanol. Radiolabeled and nonlabeled standards were used to quantify parent sulfamethazine in samples. A Beta-RAM radiodetector (IN/US Systems, Tampa, FL) was also used to detect radioactivity in the samples. 
Bioavailability study
To assess bioavailability of SMZ in aquatic ecosystems, the aquatic oligochaete Lumbriculus variegatus was chosen; these worms are commonly used in sediment bioaccumulation assays (15) . Worms were exposed to a range of SMZ concentrations either in water only, or in sediment-containing microcosms.
For the aquatic exposure assay, test chambers consisted of 200-ml glass jars filled with 50 ml ultrapure water spiked with a mixture of 14 C-and non-labeled sulfamethazine to achieve the following concentrations: 0.05, 0. 14 C residues using liquid scintillation counting (LSC; Beckman Coulter 6500, Fullerton, CA). Next, worms were homogenized in 5 ml methanol for 10 min; extracts including homogenized tissue were shaken at 300 rpm for 15 min on an orbital shaker and then centrifuged at 2000 rpm for 5 min.
Treatment water was extracted using the previously described solid-phase extraction technique. Aliquots of worm extract supernatant or water eluate were immediately counted for radioactivity using LSC, and remaining extract was stored at -20º C until analysis using high pressure liquid chromatography with radiodetection, as previously described.
The sediment exposure studies were run in parallel with the previously described environmental fate experiment. Pond water with sediment (PWS) microcosms were constructed as previously described; sediment was allowed to settle for 1 h, and 10 adult L. variegatus (approximately 8 mg each) were added to each replicate test chamber. Worms were allowed to acclimate for 1 h prior to addition of the 14 C-SMZ spiking solution. The final spiking solution was 0.425 mg/ml non-labeled SMZ and 0.085 µCi/ml 14 C-SMZ in 10% methanol, as in the fate study. At the end of the 7-day period, pond water was removed from the top of the sediment and the remaining water and sediment were carefully sieved through a 2-mm mesh to remove worms. Worms were then rinsed with ultrapure water, and allowed the 6-h clearance period described for the aquatic exposure study. Worms were ground and extracted, and extracts analyzed as previously described.
Bioconcentration factors were calculated based on quantification of total radioactivity (SMZ equivalents) in worm extracts, and parent sulfamethazine in water (C w ) for the aquatic exposure study, and in pond water and sediment for the sediment exposure (C sedOC ). Concentrations in worm tissue (C lipid ) were calculated as ng SMZ equivalents/g lipid. Sediment concentrations were also normalized by 2% organic carbon (mg SMZ/kg OC). Bioconcentration factors were calculated using the normalized data.
Results and Discussion
Environmental fate of sulfamethazine Mean 14 C-mass balances for pond water (PW) systems were >90% for each timepoint. All sediment-containing systems (PWS, PWS+M, and Autoclaved PWS) exceeded 95%, with the exception of the PWS+M treatment at day 63, with a mean 14 C mass balance of 84±2%. Figure 2 displays the distribution of 14 C in pond water and sediment at day 7 and day 63. Clear differences exist between day 7 and day 63 for sediment binding and amount of radiolabel remaining in water (p<0.001 for all treatments).
Sulfamethazine dissipated rapidly from surface water in all treatments, with DT 50 s (time to 50% dissipation) ranging from 2.7 to 17.8 days. The most rapid loss from the water column occurred in the non-autoclaved sediment-containing treatments. The slowest dissipation rate occurred in the autoclaved treatment, indicating the importance of biodegradation of sulfamethazine residues in freshwater ecosystems. Sulfamethazine moved from the water column into the sediment within the first 14 days of the study. Parent SMZ detected in the sediment peaked at 7-14 days, and then showed a slow decline, which corresponded with an increase in bound residue detected in all sedimentcontaining treatments. Figure 3 simultaneously displays dissipation of parent SMZ from the water column, and its movement into and subsequent dissipation in sediment.
14 C-bound (unextractable) residue concentrations increased exponentially over time, and appeared to plateau toward the end of the 63-day study. In the manure-containing treatment, 62% of applied radioactivity was bound to sediment at the end of the study, while the other two treatments had approximately 40% of applied radioactivity as bound residue. The manurecontaining treatment (PWS+M) had significantly more bound residues than PWS or the autoclaved treatment throughout the study (p<0.04 and <0.01; Fig.  2 ). It is possible that SMZ sorbed to manure in the pond water phase in our study, and then settled onto the sediment. In a study of the effect of hog manure slurry on sulfonamide sorption in soil, Thiele-Bruhn and Aust (16) found an increase in the nondesorbable (bound) fraction for SMZ in systems with hog manure input.
The amount of sorption observed in this study is relatively consistent with previously reported sorption values (5, 10, 11, 17, 18) . Our results showing increased binding in the treatment with highest organic carbon content (PWS+M) are in agreement with Bialk et al. (19) and Thiel-Bruhn et al. (11) ; however, at pH 8.1 in pond water and sediment, a significant portion of SMZ is likely to be ionized, therefore some alternative sorption mechanisms may come in to play. These mechanisms could include cation exchange or bridging, surface complexes, or hydrogen bonding (10, 11, 19, 20) In a sediment monitoring study, Kim and Carlson (3) detected SMZ in 25% of river sediment samples, with mean of 4.7 µg/kg and maximum concentration detected of 13.7 µg/kg; overlying water samples from that study were typically <0.1 µg/l, pointing to the significance of sediment in the fate of SMZ in aquatic ecosystems. Our results indicate that SMZ or metabolite residues may be transported from the aqueous phase into the sediment via diffusion, residues become adsorbed, and a fraction of those residues become bound over time; these data further support Kim and Carlson's work identifying sediment as a potential sink for SMZ residues. The potential implications of sedimentassociated residues for benthic-dwelling organisms need to be further explored. 
Bioavailability of sulfamethazine
During the aquatic exposure bioassay, no toxicity of sulfamethazine to L. variegatus was noted during the study. The lipid content of adult L. variegatus was 12.7% as determined by acid hydrolysis (AOAC Method 4.5.02 16 th ed; Midwest Laboratories, Inc., Omaha, NE). Mean total uptake of SMZequivalents was 0.05, 0.02, and 0.10 micrograms for the 0.05, 0.5, and 5 mg/l exposure concentrations, respectively. This corresponds to ≤2% uptake of the total available 14 C-residue. Log BCFs were calculated for each treatment concentration at equilibrium (~ 7 days), and significant treatment effects were noted (p<0.001), indicating an inverse relationship between amount of uptake and exposure concentration in the water (Table I ). The mean log BCF for the 0.05 mg/l exposure concentration was 2.17, which is of the same magnitude as BCFs expected for persistent hydrophobic compounds such as PCBs (e.g. Aroclors 1242 and 1254) or PAHs (e.g. phenanthrene and fluoranthene), which was not expected given the relatively low K ow for SMZ (21) (22) (23) . The inverse concentration-dependent accumulation appears to be unique for an organic compound; a brief review of the literature found similar relationships in metal bioaccumulation studies (24, 25) . Reasons for an inverse relationship in metals are proposed to be related to saturated uptake conditions at higher exposure concentrations (26) and active regulation of metal uptake. Since SMZ may be ionized at environmental pHs, as in the present study, it is possible that it was similarly regulated. The inverse relationship points to a need for further study of bioavailability of sublethal levels of pharmaceuticals in the environment.
At the end of the 7-day sediment exposure study, 68% of worms were recovered from the four replicates, and all calculations were based off of recovered tissue mass. Less than 0.5% of total 14 C was taken up by the worms; however the mean log BCF (or BSAF) was calculated to be 1.89 (Table 1) . Significantly more uptake (in µg) was observed in the sediment assay compared to all of the aquatic exposure concentrations, with a mean difference of approximately 1.5 µg (p<0.0001). Interestingly, there was no significant difference between log BCFs for the sediment exposure and the lowest aquatic exposure concentration (0.05 mg/l; p=0.8145), though the exposure concentrations differed by nearly two orders of magnitude. This observation may indicate the significance of feeding behavior as a route of uptake resulting from sediment exposure for L. variegatus. The results presented herein indicate that sulfamethazine and SMZ-related residues bioaccumulate in L. variegatus tissues. 1 Uptake was calculated as SMZ equivalents based on total radioactivity in worms. 2 Log bioconcentration factors normalized by worm lipid content (12.7% wet wt.) and sediment organic carbon content (2.0%). BCFs for sediment exposure are the same as BSAFs. 3 Weighted sediment exposure concentration = 0.9(mean SMZ concentration in overlying water) + 0.1(mean SMZ concentration in sediment organic carbon). Based on 90% of 14 C residues in overlying water during days 0-7, and on observed worm behavior.
Conclusions
Our results indicate that antibiotics should not be studied alone; manure inputs had a significant effect on fate in soil and sediment, and sediment may serve as a sink for antibiotic residues in surface water ecosystems. Our results also indicate that the low concentrations of antibiotics detected in the environment could have biological significance, based on the bioaccumulation seen in organisms exposed to sulfamethazine. Future studies should examine potential effects on benthic invertebrates and their gut symbionts following exposure in chronic studies, rather than the acute (e.g. 48-hr) toxicity studies that are traditionally performed for ecological risk assessments. Risk assessments of antibiotics may require new methodologies, including extended study lengths based on possibility for chronic exposures that result from continual inputs into water bodies, and new modes of action, compared to the risk assessment paradigm established for pesticides.
